Using DFT calculations, we have studied the C-N vibration of dicyanobenzenes in different solvents. The effects of solvent polarity and hydrogen bonding were evaluated. The frequency is decreased by 4 cm -1 when the solvent polarity increases. In the current study, the red shift due to the solvent polarity was underestimated by PCM. For hydrogen bonding, the frequency is increased by 10 cm -1 because of the charge transfer from the lone pair of nitrogen in C≡N to water, which slightly increases the bond strength of C-N. The C-N vibration of dicyanobenzenes is calculated to be sensitive to solvation.
Introduction
The vibration of the cyano group (C≡N) in organic and biological molecules has been studied as infrared (IR) probe of local environment in biological systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Previous studies show that the C-N vibration is highly localized, causes only negligible perturbation to the local three-dimensional structure, and the frequency is also very sensitive to the environmental change [12] . All of those make it an ideal probe for the local biological environment such as electrostatic potential, dielectric constant, ionic strength, and hydrogen bonding.
To predict the local environment of a targeted domain, one or more cyano groups have to be inserted into the biomolecule. The IR spectrum will then be taken and analyzed. Based on the frequency shift, peak width and intensity change of the C-N stretching, the local environment can be predicted. Therefore, a molecular level understanding of the frequency shift, peak width and intensity change caused by various local environmental conditions is of increasing importance and will significantly advance the predictive capabilities. Nowadays, theoreticcal modeling has advanced to a point where vibrations inside of a molecule can be examined at a level of quantum theory [13] [14] [15] [16] [17] . Furthermore, the solvation effects can be evaluated by using the Polarizable Continuum Model (PCM) [18] and also by including explicit solvent molecules in the quantum model.
Previous studies have shown that a single cyano group can provide predictive information about the local environment in biological systems, but there are still uncertainties in predictions since the inner cancellation between different environmental factors is not considered. For example, the C-N stretching frequency decreases with the dielectric constant of the solvent, but increases very quickly if hydrogen bonding occurs, which makes the prediction very difficult [1, 2, 19] . Recently, Krummel and Zanni have shown that the coupling between two cyano groups is detectable within a distance of even more than 4.5 Å and is very promising in monitoring DNA structures with a Fourier Transform Infared (FTIR) [20] . This has opened a door to development of new dicyano probes with higher accuracy since the coupling between the two cyano groups will possibly provide additional information about the local environment and will in turn improve the prediction. In the present study, the sensitivity of the C-N vibration to solvation in three isomers of dicyanobenzene was examined using Density Functional Theory (DFT) methods.
Theory and Method
The ground-state geometries of 1,2-dicyanobenzene (o-DCB), 1,3-dicyanobenzene (m-DCB) and 1,4-dicyanobenzene (p-DCB) were optimized using the Generalized Gradient Approximation (GGA) hybrid functional of B3LYP [21, 22] in combination with the basis set of 6-31G(d, p) [23] [24] [25] . B3LYP has been proven to be very reliable in treating electronic exchange and correlation in small organic molecules. All calculations were performed by Gaussian09 [26] suite of quantum programs. The sol-vation effects were basically evaluated using the Polarizable Continuum Model (IEFPCM) [18] , while explicit solvent molecules were included in the corresponding quantum model where hydrogen bonding occurs. The vibrational frequencies were calculated from analytic second derivatives using a harmonic oscillator model. In addition, the infrared (IR) intensities were calculated from the transition matrix elements of the dipole moment between the initial and final vibrational states.
Results and Discussion

Geometries, Relative Energies, Dipole
Moments, Vibrational Frequencies and IR Intensities in the Gas Phase
The structures of dicyanobenzenes are optimized in the gas phase at the B3LYP/6-31G (d, p) level and displayed in Figure 1 . Selected bond distances, dipole moments and relative energies are listed in Table 1 . It is found that p-DCB is more stable than m-DCB and o-DCB with a lower energy of 0.38 kcal/mol and 2.01 kcal/mol, respecttively. Obviously, larger separation between two cyano groups leads to less steric repulsion and lower the total energy from o-DCB, m-DCB to p-DCB. Correspondingly, the dipole moment of each molecule decreases in the same order, which is largely determined by the relative position of the two cyano groups. In p-DCB, the two groups are aligned linearly, but in opposite directions, which leads to a zero polarity. However, they are nearly parallel and in the same direction in o-DCB, which gives the largest dipole moment of 7.08 Debye. Between p-DCB and o-DCB is m-DCB with a dipole moment of 4.27 Debye. For the selected bond distances in Table 1 , the calculated values are slightly larger than those form x-ray diffraction, but within 0.04 Å and have shown a fairly good agreement. Since all calculations here are based on single molecules in the gas phase only, no intermolecular interactions are considered, which is different from the x-ray experiment [27, 28] . It is notable that the C-C bonds on the benzene ring close to the cyano groups are elongated compared to those further away. For example, C1-C2 and C2-C3 are longer than C3-C4 and C4-C5 in o-DCB. Electron population analysis gives the Mulliken charge of C1, C3, C7 and N8 in o-DCB as +0.140e, -0.053e, +0.236e and -0.462e, respectively. Significant negative charge of 0.226e is detected on C≡N, compared to a calculated value of 0.128e for acetonitrile. The high electronegativity of nitrogen has led to a charge transfer from benzene to C≡N, which should destablize the ring structure and make the neighboring bonds slightly longer. The electron density is finally injected into the lowest unoccupied molecular orbital (LUMO) of C≡N. Since the LUMO is of antibonding character, this electron trans fer makes the C-N bond slightly longer than in acetonitrile, which has a calculated C-N bond distance of 1.160 Å at the same level of theory. In addition, the π-conjugation in benzene and C≡N is merged and extended to the whole molecule, which brings partial π-bonding character to C1-C7 and makes the bond (~1.43 Å) significantly shorter than a C-C single bond (~1.50 Å). Very similar results were observed for m-DCB and p-DCB as well.
Since the C-N vibrations are highly localized and will only be used for the probing in biological systems, only the two C-N vibrational modes, symmetric and asymmetric, will be discussed in this report. In the symmetric Copyright © 2012 SciRes. OJPC mode, both C and N in the two cyano groups move towards or away from each other at the same pace. However, in the asymmetric mode, the two atoms move towards each other in one cyano group, while they move away from each other in the other cyano group. Calculated vibrational frequencies and infrared (IR) intensities in the gas phase are also tabulated in Table 1 . For p-DCB, the symmetric mode is not IR active because two C-N vibrations cancel each other and gives no change to the net dipole moment. However, the asymmetric mode has the highest intensity of 30.02 km/mol. For o-DCB, two modes are separated by 2.7 cm -1 , indicating a possible detectable long-range vibrational coupling. Also both modes are sensitive to IR. For m-DCB, the two modes are very close with the asymmetric mode of only 1.0 cm -1 lower in energy, but it has a much higher IR intensity. Although the gas phase calculations cannot represent the real vibrational environment, they truly can provide an easy model to understand the C-N vibration in the selected dicyanobenzenes. Furthermore, the treatment of solvation is needed to provide accurate and reliable predictions.
Vibrations in Different Solvents
In this section, the solvation is treated using PCM, in which the solvents are electric dipoles and hydrogen bonding is not fully taken into account. The molecular structures are same as those optimized in the gas phase, while vibrational frequencies and IR intensities are calculated in different solvents, including tetrachloromethane (CCl 4 , ε r = 2.2), chloroform (CHCl 3 , ε r = 4.8), dichloromethane (CH 2 Cl 2 , ε r = 8.9), acetone (CH 3 COCH 3 , ε r = 20.7), acetonitrile (CH 3 CN, ε r = 37.5) and water (H 2 O, ε r = 78.3). In Figure 2 , the calculated solvation energy by PCM is plotted as a function of the solvent dielectric constant. It is found that the solvation energy increases with the polarity of solvent. From the gas phase ε r = 0.0) to dichloromethane, it is increased by about 6.5 kcal/mol. However, the change is almost negligible from acetone to water, less than 1.0 kcal/mol. From p-DCB, m-DCB to o-DCB, the solvation energy increases slightly with the molecular polarity. In addition, the calculated vibrational frequencies and IR intensities are plotted as a function of the dielectric constant, and are displayed in In Figure 3 , the vibrational frequency of either symmetric or asymmetric mode decreases with the dielectric constant, while the IR intensity increases. From the gas phase to water, the frequency is decreased by 4.0 cm -1 for all except the symmetric mode of p-DCB, which is 2.0 cm -1 . To verify the reliability of PCM in predicting shifts of the C-N vibrational frequency in different solvents, the C-N vibrational frequency of acetonitrile is calculated to be 2379.1 cm -1 , 2376.6 cm -1 , 2375.1 cm -1 , and 2374.1 cm -1 at the same level of theory in the gas phase, tetrachloromethane, chloroform, and dichloromethane, respectively. From gas phase to tetrachloromethane, the red shift is 2.5 cm -1 , 4.0 cm -1 to chloroform, and 5.0 cm -1 to dichloromethane. The experimental value is 11.5 cm -1 , 11.0 cm -1 , 12.0 cm -1 in tetrachloromethane, chloroform and methylene chloride, respectively. Obviously, the shift is underestimated by PCM, indicating the importance of including intermolecular interactions in the theoretical model. However, PCM is simple and fast, which provides easiest model to predict the C-N frequency shift. In addition, the C-N vibrational frequency in benzonitrile (BN) is calculated at the same level of theory and shows a decrease of 6.0 cm -1 from gas phase to water, which is larger than the shift calculated for dinitriles in this study.
In an IR probing, the intensity change is also taken into account to provide additional information about the local environment. Figure 3 (right graph) shows the calculated IR intensity as a function of the solvent dielectric constant. With the increase of the solvent polarity, the IR intensity increases dramatically at the beginning. For the asymmetric mode of p-DCB in the gas phase and tetrachloromethane, the intensity changes from 20.0 km/mol to 150.0 km/mol, indicating the highest sensitivity to the solvation. However, the change for benzonitrile is only about 75.0 km/mol from gas phase to tetrachloromethane. In terms of the IR intensity, the theoretical calculations show that p-DCB is more sensitive to the solvent polarity than m-DCB, and o-DCB. Therefore, it is possible to use the IR frequency and intensity change to determine the local bonding structure of the cyano group in biological systems.
Effects of Hydrogen Bonding
In the PCM model, majorly electrostatic effect is considered. To include the effect of hydrogen bonding, two water molecules were added to each structure and the DCB-water complexes in the gas phase were then optimized at the B3LYP/6-31G (d, p) level. For the geometry of benzene ring, no significant changes have been found, while the local H-bonding structure is displayed in Figure 4 with calculated Mulliken charges. In addition, there is no notable difference in the three isomers in terms of hydrogen bonding, and here only the local structure of p-DCB-water is shown in Figure 4 and discussed in details.
In Figure 4 , bond distances and Mulliken charges of p-DCB-Water are displayed in green, while purples for single water and p-DCB. The binding energy is calculated as E DCB-Water -E DCB -E Water and to be 4.5 kcal/mol for all DCB-Water complexes, indicating significant hydrogen bonding between DCB and water. It is found that the hydrogen bonding shortens the C7-N7 bond by 0.002 Å, indicating a slightly stronger C-N bond and higher C-N vibrational frequency. A charge transfer of 0.032e is detected from p-DCB to water. The charge is mainly from the molecular orbital of nitrogen lone pairs. Since the lone pair orbital is of anti-bonding character between C7 and N7, losing electron density should lead to a stronger C-N bond and higher C-N vibrational frequency. The calculated C-N vibrational frequency is 2360.1 cm -1 and 2361.9 cm -1 for the symmetric and asymmetric mode, respectively. The hydrogen bonding of water to p-DCB has increased the C-N vibrational frequency by 10 cm -1 . The C-N frequency shift of acetonitrile in dimethyl sulfoxide (DMSO) and water was measured to be 17.5 cm -1 and 6.7 cm -1 , respectively [1] . Approximately, we can assume that the effect of the solvent polarity on the C-N vibration is same in the two solvents, and the difference in the C-N vibration is then mainly caused by hydrogen bonding. This effect is calculated to be +10.8 cm -1 and is in an excellent agreement with the value from the current study. In addition, the C-N vibrational frequency of p-DCB-Water is calculated to be 4.0 cm -1 lower in PCM water, which is exactly same as we found for p-DCB in water.
Conclusion
We have reported a DFT study of the C-N vibration in dicyanobenzenes (DCB) relevance to the IR probing of local environment in biological systems. The effect of solvent polarity (dielectric constant) and hydrogen bonding were evaluated using PCM and by including two water molecules in the quantum model. The C-N vibrational frequency is decreased by up to 4 cm -1 from the PCM calculations when the solvent polarity increases. However, a large red shift of 17.5 cm -1 was reported for acetonitrile in DMSO [1] , which implies that the red shift due to the solvent polarity was underestimated by PCM in the current study. For the hydrogen bonding, the frequency is increased by 10 cm -1 because of the charge transfer from the lone pair of nitrogen to water, which slightly increases the C-N bond strength. The C-N vibration of dicyanobenzenes is calculated to be sensitive to both solvent polarity and hydrogen bonding.
